We present local temperature measurements of turbulent Rayleigh-Bénard convection with rotation about a vertical axis. The fluid, water with Prandtl number about 6, was confined in a cell with a square cross section of 7.3 × 7.3 cm 2 and a height of 9.4 cm. Temperature fluctuations and boundary-layer profiles were measured for Rayleigh numbers 1 × 10 7 < Ra < 5 × 10 8 and Taylor numbers 0 < Ta < 5 × 10 9 . We present statistics of the temperature field measured by a single thermistor located along the vertical centerline of the cell or by an array of thermistors distributed laterally from that centerline. The statistics include the mean temperature, standard deviation, skewness, and the probability distribution functions at various locations in the cell, especially near and inside the thermal boundary layer. The effects of rotation on these quantities are discussed including the presence of a rotation-dependent mean vertical temperature gradient, the negative skewness of temperature fluctuations in the boundary layer, and the horizontal homogenization of temperature.
I. INTRODUCTION
There is a fascinating interplay between heat transport in rotating convection [1] [2] [3] [4] [5] [6] [7] [8] and the vortical nature of structures that arise out of thermal boundary layers at the top and bottom of a Rayleigh-Bénard convection cell [9] [10] [11] [12] . Such vortical structures are very familiar in geophysical contexts and have been studied semi-quantitatively in rotating thermal convection experiments with open top surfaces [13] . An important lack in the investigation of rotating turbulent convection is a quantitative understanding of the distribution and spatial organization of the local temperature field although there have been measurements of the vertical temperature gradients in the bulk of the flow [14] , i.e., far from solid boundaries.
We present local temperature measurements of the thermal boundary layer, the bulk mean temperature gradient, the probability distribution of fluctuations, and the lateral variation of fluctuations and average quantities for rotating and non-rotating convection.
Rayleigh-Bénard convection is characterized by the Rayleigh number Ra which reflects a competition between buoyant forcing and viscous/thermal dissipation and the Prandtl number Pr which determines the dominance of either temperature or velocity in the nonlinearity of convection. Ra is defined in terms of fluid properties as Ra = gαd 3 ∆T /νκ where g is the effect of the Coriolis force. We use the Taylor number Ta = (2Ωd 2 /ν) 2 where Ω is the physical angular rotation rate. For a particular set of the control parameters Ra, Ta, and Pr, the system transports heat through the cell with an efficiency measured by the Nusselt number, the ratio of the effective heat transport from both convective and thermallyconductive processes to the heat transported by thermal conduction alone. The immediate effect of rotation is to suppress the onset of convection because of the Taylor-Proudman condition that suppresses vertical motions in steady, strongly rotating flows [15, 16] , leading to the large Ta number result that the critical Rayleigh number varies with Ta as Ra c ∼ Ta 2/3 [17] .
For the purposes of understanding the balance of buoyancy and rotation for rotating convection [4, 5] , it is useful to introduce the convective Rossby number Ro = Ra/(PrTa)
which is a ratio of a rotational time ∼ 1/Ω and a buoyancy time ∼ d/gα∆T . Rotation dominated flow corresponds to the limit Ro << 1 whereas buoyancy dominated flow typically has Ro >> 1. Because the onset of bulk convection [17] Ra c ∼ Ta 2/3 , one cannot obtain a state of rotating convection with arbitrarily small Ro at finite Ta. More precisely, Ra c ≈
7.3Ta
2/3 so the minimum Ro for a given Ta is Ro m = Ra c /(PrTa) ≈ 2.7Pr −1/2 Ta −1/6 .
For Pr = 6 and Ta = 10 10 , one obtains Ro m ≈ 0.03. If we take a criterion for turbulent convection over the range 10 7 < Ta < 10 10 as Ra t ≈ 2.2Ta 0.85 [8] , one can only achieve a turbulent state of rotating convection for Ro 0.1 for Ta 10 10 .
and the surrounding cylindrical can that enclosed the cell were temperature regulated with stability and fluctuations of less than 1 mK. A film heater was attached to the bottom plate and provided a constant heat current to the fluid layer. The Rayleigh number was derived from the time-averaged temperature difference between the top and bottom plates with fluid parameters evaluated at the cell mean temperature T o . The temperature difference corresponding to the highest Ra = 4×10 8 is about 16 C, the rotation rate Ω corresponding to the highest Ta = 5×10 9 is 1.57 rad/s, and the Pr number evaluated for T o = 21.5 C is 6.
All electrical wires were fed into the rotating frame through an electrical slip ring and inside a hollow steel shaft which also served as the drive train for rotation. The electrical noise of the slip ring was small enough that there was no measurable difference in the signals with or without rotation. Rotation was provided by a micro-stepping motor through a shaft, two gears and a timing belt and was under computer control. The gear ratio set a lower limit for the frequency of about 0.01 Hz. The maximum frequency surveyed was 0.5 Hz.
B. Local temperature measurement
The local temperature of the fluid was measured using a single thermistor or an array The thermistor array consisted of five almost identical thermistors and was used to survey the horizontal variation of the temperature field. The thermistors were suspended pointing downwards from a horizontal stainless steel bar with a cross section of 0.25 × 0.25 cm 2 .
The tips of the thermistors were about 0.78 cm from the bar. The schematic of the relative positions of the thermistors is shown in Fig. 1 where the five thermistors are labeled for convenience as T H1, T H2, T H3, T H4, and T H5 with corresponding distances from the center line of 0, 0.8, 1.6, 2.4, and 3.2 cm, respectively. The distance x of the thermistors from the cell centerline is measured in units of the cell lateral side wall, L = 7.3 cm, and varies between -0.5 and 0.5 (the positive direction is arbitrarily taken to be in the direction of TH2 and TH5 as in Fig. 1 ). In these units the positions of the thermistors are T H1 (x/L = 0.0), T H2 (x/L = 0.11), T H3 (x/L = −0.22), T H4 (x/L = −0.33), and T H5 (x/L = 0.44). In addition to the movable probe, there was a pair of thermistors located in one corner with distances to the sides of about 0.98 cm and 0.78 cm (shown in Fig. 1 ). The distance between the lower thermistor and the bottom plate was 3.36 cm ( the mid-plane of the cell was at 4.7 cm). The two thermistors were vertically aligned, 0.35±0.01 cm apart. The thermistor array was aligned primarily in two orientations with respect to the side thermistors: orientation A -the thermistor array was aligned along the same diagonal as the side thermistors, and T H5
was at the same corner as the side thermistors (shown in Fig. 1) ; orientation B -the array was rotated clockwise by 90
• from orientation A. The side thermistors helped determine the orientation and direction of the mean flow. 
C. Parameter space
The parameter space for rotating convection is defined by Ra and Ta which are proportional to the physical control variables of ∆T and Ω, respectively. In Fig. 2 , the parameter space is shown over a range which encompasses our experimental measurements. Measurements of local temperature fluctuations were performed over a small subset of the parameter space covered in the heat transport measurements [8] , similar to the path with Ra = 4 × 10 quantities. We then focus on the structure of the temperature near the bottom boundary and the relationship between local and global measures of heat transport.
A. Bulk temperature: Fluctuations and mean gradient Turbulent convection, away from boundary layer regions, produces fluctuating temperature and velocity fields. The statistical properties of the fluctuations are important characteristics of the turbulent motion. One measure of the fluctuations is the probability distribution function (PDF) and its associated moments including the mean, the standard deviation, and the skewness (normalized 3rd moment). Other quantities such as spatial correlations are more difficult to obtain although they are more directly related to turbulence theories. We only consider single-point temperature distributions.
The probability distribution of fluctuations is an interesting probe of turbulence mechanisms in convection with numerous predictions and experimental results for non-rotating convection [20, 37, 38] . In particular, fluctuations in the cell interior reveal details about how thermal disturbances in the boundary layer are advected into the bulk. Although the scaling of such fluctuations with Ra can be affected by the geometry over certain ranges of Ra [18, 19] , the form of the distribution of such fluctuations is typically either Gaussian at lower Ra or one with exponential tails at higher Ra. We consider, therefore, the evolution of the PDFs in the bulk of the convection cell as a function of rotation rate as measured by Ta or, equivalently, Ro number.
The single thermistor was used to measure the vertical temperature profile from the bottom plate to about 65% of the cell height along the cell centerline as shown in Fig. 3a . The thermistor array was used to study lateral variations of the flow. In either case, the measurement was not non-invasive to the temperature and velocity fields, but the invasiveness is difficult to assess precisely. We discuss below possible issues as they arise.
In the non-rotating turbulent convection observed here, the central region was nearly isothermal and was enclosed by a large scale mean flow. There was a clear transition from
Gaussian PDFs at lower Rayleigh numbers, Fig. 4a , to exponential PDFs at higher Rayleigh numbers, Fig. 4b . The transition Rayleigh number for our system was between 2.0 × 10 7 and 9.2 × 10 7 , consistent with earlier measurements in water [38] and in helium gas [37] .
Rotation affects the form and Ra dependence of the temperature PDFs. We obtained PDFs for Ra = 4×10 8 for a set of rotations with Ta listed in Table I . One example is plotted in Fig. 4d for the highest rotation measured (Ta = 5.0 × 10 9 , Ro = 0.12); the other data are very similar in shape. We also made measurements over a range of Rayleigh numbers with constant Ro = 0.30 and 1.2. For both sets of data, no Gaussian-exponential PDF transition was found for Ta = 5×10 9 even when decreasing Ra to as low as 8. to Ekman enhanced heat transport [7] ). For higher Ro, the PDFs are similarly exponential for Ro ≈ 10, evolving towards more Gaussian form with only weak Ra dependence. For Ro < 2, there is a return to more exponential PDFs but only slowly with the highest degree of Gaussianity occurring for the large Ra. An extrapolation of this behavior to the lower Ra numbers in this paper is consistent with only observing exponential PDFs.
We also considered the mean and standard deviation of the temperature fluctuation distributions as functions of the vertical and radial coordinates. In Fig. 3a , we show the vertical dependence of the mean temperature θ(z/d) over the range 0 < z/d < 0.65 for the Ra = 4.0×10 8 and Ta = 5×10 9 (Ro=0.12). There is a rapid decrease in θ near the boundary and a small variation with increasing z/d. Before considering the boundary layer portion of the profile, we concentrate on the behavior in the bulk, i.e., near the cell mid-plane.
As noted previously [4, 14] , the vertical variation of the mean temperature increases with increasing rotation as measured by the vertical temperature gradient dθ/dz around the cell center. In and Ra = 1.9 × 10 11 (dashed curve) and from a numerical simulations [7] with Pr = 6 and Ra = high Ra, the gradient is negative owing to rotation. At moderate Ra, the gradient becomes positive as the result of the temperature inversion. One also sees in Fig. 5b the quite nice correspondence with numerical simulation [7] when the Ra dependence is accounted for.
Also in Fig. 5a , we compare with experimental data [14] for rotating convection with Pr = 8.2 and Ra = 1.9×10 11 . The larger negative gradient at small Ro for these data is consistent with the trend of increasing dθ/dz with Ra seen in Fig. 5b . For low Ra, near the onset of convection and below our resolution, dθ/dz should approach -1.
One feature of the center profiles seen in Fig. 3b is that the temperature at the cell center is not the same as T 0 , i.e., θ(z/d = 1/2) = 0 with larger deviations at higher rotation rates.
The asymmetry of θ (positive value) at the mid-plane for non-rotating convection likely results from non-Boussinesq effects which may be substantial because ∆T ≈ 16 C for Ra = 4 × 10 8 [39] . The increase in the thermal offset with rotation, however, may arise from a weak large-scale circulation driven by centrifugal buoyancy [14] orientation A (aligned with the mean flow in the non-rotating case) for Ra = 4 × 10 8 .
Without rotation, the PDF of T H1 (x/L = 0) was almost symmetric whereas the PDFs of T H4 (x/L = −0.33) and T H5 (x/L = 0.44) were skewed towards high and low temperature, respectively. This was presumably caused by the mean flow which was up (hotter) at T H4
and down (colder) at T H5. Under strong rotation (Ta = 5.0 × 10 9 ), the asymmetry of the PDFs was much smaller, indicating that the system was homogenized horizontally by rotation. The standard deviation of the fluctuations had a similar trend with lateral distance as seen in Fig. 7 where we plot the ratio σ(x)/σ(0) as a function of the distance from the centerline. For the non-rotating case, σ/σ 0 increases by over 80% towards the corners where the mean flow is concentrated. The increased σ is likely the result of thermal plumes being swept along the large scale flow leading to a large increase in fluctuations near the wall, see Fig. 7 . With rotation, on the other hand, the absence (or weakness) of the large-scale circulation and the vortex form of the thermal structures presumably results in more lateral mixing [4, 11] which would mean larger but more laterally homogeneous fluctuations, as seen in Fig. 7 . We revisit the issues of fluctuations and mean gradients after we discuss The boundary layer thickness is defined in Fig. 9 in two ways. In the first, the extrapola- Under rotation for both orientations A and B, the temperature profiles in Figs. 10c,d are almost the same inside the boundary layer but the outer thermistors T H4 and T H5 are colder than the center thermistor outside the boundary layer, i.e., z/d > 0.02, contrary to the non-rotating case. Also the data are much smoother outside the boundary layer. This behavior is most likely a result of the weakness or absence of a large-scale mean flow under rotation as indicated in related velocity measurements [11] .
In addition to the mean temperature profiles, we extracted other moments of the temperature distributions, namely the standard deviation σ and the skewness s, see With these caveats, the local measure of Nu indicates a slightly decreasing heat transport with rotation as opposed to the globally measured small increase in heat transport. Given the measurement uncertainty and the lack of lateral coverage in our probe, a detailed study of this difference is not possible. It would be interesting to measure the boundary layer more systematically in a cylindrical cell where full lateral access to the boundary layer is possible.
IV. CONCLUSIONS
We presented experimental studies of turbulent thermal convection in water confined in An important topic for future study is the intricate interplay between these vortices and the thermal boundary layer which was raised earlier [4, 11, 12, 32] but remains an open question. Also recent work on the enhancement of heat transport by rotation [7] suggests a diminishing effect at higher Ra, further suggesting that increased Ra would also be of interest in understanding the thermal boundary layer interactions with vortical structures.
Rotating convection remains an important and challenging extension to the much studied turbulent Rayleigh-Bénard convection problem and deserves further theoretical, numerical and experimental attention.
